High stress concentration at weld vicinity in welded steel tubular joints has led researchers to try finding an effective method to reduce these stresses. Since the beginning of the last decade, concrete filling of the steel tubes has been effectively used to reduce stresses at the tubular joints. This paper summarises research on stress concentration factors and fatigue behaviour conducted on concrete-filled steel tubular T-, Y-, K-, KT-, N-, and X-joints. Based on available experimental results, nominal stress range and hot spot stress range design S-N curves have been proposed for concrete-filled steel tubular joints. These curves are compared with that of the tubular joints without concrete filling. Research gaps have also been highlighted and it has been found that the current research is insufficient to reasonably predict fatigue behaviour of concrete filled tubular joints.
Introduction
Steel tubular members are widely used in offshore structures and in infrastructure entities such as oil platforms and bridges. The tubular members are exposed to repetitive loading from sea waves, wind and traffic. Repetitive loading causes deterioration of the structural members through crack initiation and propagation which is called 'fatigue'. Fatigue strength has always taken most attention in the design of steel tubular members. Due to geometric discontinuity at the connected steel tubular members, high stress concentration exists at the joint. The location of high stresses is usually the location of fatigue crack initiation. In the last century, a large amount of research was conducted on empty (non-filled) steel tubular joints which resulted in the development of various fatigue design guidelines. At the beginning of the current century, researchers have effectively used concrete filled steel tubes to reduce stress concentration at the joint. The concrete infill absorbs some of the applied energy and reduces tube wall deformations which results in less stress concentration. Several researches have been reported in the literature on the fatigue behaviour of concrete filled steel tubular (CFST) T-joints (Chen et al., 2010; Jardine, 1993; Mashiri and Zhao, 2010; Tong et al., 2007a Tong et al., , 2007b Wang et al., 2013) , K-joints (Sakai et al., 2004; Tong et al., 2008; Udomworarat et al., 2002 Udomworarat et al., , 2000 , Y-joints (Xu et al., 2015) , KT-joints (Xu et al., 2015) , N-joints (Kim et al., 2014) and X-joints (Qian et al., 2014) . Two methods have been successfully used in estimating fatigue life of tubular members, namely the classification method and the hot spot stress method. In the hot spot stress method, the maximum stress concentration in the joint is the hot spot stress. The maximum stress concentration factor (SCF) is the ratio of the hot spot stress to the applied nominal direct stress. In this method, the maximum SCF is multiplied by the nominal stress range at the joint to provide the hot spot stress range. The resultant hot spot stress range along with an appropriate S-N design curve is used to estimate the fatigue life of the joint. Hence, this method depends on the accurate prediction of SCF. The classification method uses nominal stress along with stress rangenumber of cycles (S-N) curves, to put tubular construction into detail categories for fatigue design.
This paper summarises the research conducted on CFST joints. Experimental research conducted on CFST T-joints has been summarised first followed by summary of experimental research carried out on other CFST joints. Details of the joints dimensions and validity range of the joints have been tabulated. Results have been tabulated and research gap has been highlighted. Based on current fatigue experimental results, S-N design curves have been proposed for CFST joints.
CFST T-joints

Static strength and SCFs
Jardine (1993) conducted static tests on two repaired CFST T-joints. The two specimens were previously fatigue damaged T-joints made of circular steel tubes. The specimens were repaired and the chord only, was filled with concrete. Details of the specimens' are given in Table 1 . In the static tests, stress distribution around the welded joints were investigated under axial load, in-plane, and out-of-plane bending moment. The calculated maximum principal stresses were linearly extrapolated to the weld toe from which SCFs were obtained. SCFs results showed that the maximum SCF in the concrete filled T-joints under axial loading and out-of-plane bending were located at the chord saddle while it was located at the brace crown under in-plane bending. Except under in-plane bending, the results showed that concrete-filling the chord effectively reduced the max SCF in the T-joints (about 40% under axial loading and 30% under out-of-plane bending) compared to non-filled T-joints. Maximum SCFs results are tabulated in Table 2 . Tong et al. (2007b) conducted a series of static tests to study the SCF for fatigue purposes in CFST T-joints under axial force. Ten specimens with different non-dimensional geometric parameters and concrete grade were tested under axial compression and tension in the brace. The details of the specimens are given in Table 1 . The concrete compressive strength was varied from 20 MPa to 50 MPa and to 70 MPa to see the effect of the compressive strength on the SCF. Empty circular braces were welded to concrete filled circular chords by full penetration weld according to American Welding Society recommendations (AWS, 2010) . The test specimens were pin supported at the two ends of the chord and axial compression and tension was applied in the brace (see Figure 1 ). Strain measurements were taken around the brace-chord intersection at the crown and saddle locations on the brace and chord walls. Additionally, three strain measurement lines, each 22.5º apart from the other in a quarter of the intersection, were added onto the chord and brace walls in order to investigate the location of the maximum stress in the joint. The extrapolation region recommended by CIDECT (Zhao et al., 2001 ) was adopted to extract the linearly extrapolated results. It was found that the maximum SCF in the concrete-filled specimens, under axial tension and compression, existed at the chord crown location. Furthermore, the maximum SCF under axial compression was always less than that under axial tension. The SCF in compression was about 10%-40% less than that in tension. Maximum SCFs results are given in Table 2 . It has been found that increasing the non-dimensional parameter β within the range of 0.5 to 1 significantly increased the maximum SCF under axial tension in the joint which is opposite to that in the non-filled T-joints where the maximum SCF decreases with increasing β value. The effect of the other non-dimensional parameters, τ and γ, has been found to be very little and contradicting again their effect in the non-filled T-joints where the maximum SCF increases obviously with increased τ and γ. Finally, the effect of concrete strength on the maximum SCF has been found to be very little and negligible. Table 1 Specimens' details of the T-joints ---Notes: Letter R refers to 'repeated test'. 'AX' refers to specimens subjected to axial load. IB refers to specimens subjected to in-plane bending only. 'Con-Filled' refers to concrete filled joints. 
Notes: Letter R refers to 'repeated test'. 'AX' refers to specimens subjected to axial load. IB refers to specimens subjected to in-plane bending only. 'Con-filled' refers to concrete filled joints. '*' Indicates that the value is estimated from figures. Con-filled Xu et al. (2015) 8.6* 45º between chord crown and chord saddle
Con-filled Xu et al. (2015) 7* 45º between chord crown and chord saddle
Con-filled Xu et al. (2015) 6.3* 45º between chord crown and chord saddle
Non-filled Jardine (1993) 6.5* Chord saddle Tong et al. (2007a) conducted SCF analysis for the same specimens in Tong et al. (2007b) subjected to in-plane bending. Strain measurements were taken at the crown position only, on the chord and brace wall. Both linear and quadratic extrapolation methods were used to find the stresses at the weld toe and it was found that the difference in the results obtained in the two methods was small. Hence the linear extrapolation was used. The maximum SCF was located on the chord crown in some specimens while it was on the brace crown location in the other concrete filled T-joints. The SCFs at the crown of the tensile side of the chord-brace intersection were generally slightly higher than that on the compression side. Maximum SCFs values are given in Table 2 . For comparison, maximum SCFs of the same non-filled T-joints were calculated using the formula recommended By CIDECT (Zhao et al., 2001) . It was found that concrete had significantly reduced the SCF. The ratio of the SCF in CFST T-joints to the SCF in non-filled T-joints was about 0.3~0.7. The effect of the non-dimensional parameters β and τ on the maximum SCF has been found to be significant and similar to their pattern in the non-filled T-joints except the effect of τ at the brace. The non-dimensional parameter γ and concrete compressive strength had very little and negligible effect on the SCF. Chen et al. (2010) undertook an experimental study on the SCFs of concrete-filled chord steel tubular T-joints under axial tension load and in-plane bending in the brace. The specimens comprised of eight circular section T-joints. Five of the specimens had the chord filled with concrete having compressive strength of approximately 50 MPa; two of them were tested under axial tension and the other three under in-plane bending. The rest were non-filled hollow T-joints tested for comparison. Details of the specimens' and validity range are given in Table 1 . The specimens had one end of the chord fixed while the other end was pin-supported and the load was applied to the end of the brace. Strain gauges were arranged around the intersection at 45º on the chord and brace at locations recommended in the linear extrapolation method by CIDECT (Zhao et al., 2001 ). The peak SCF at the chord and the brace of one of the specimens under axial loading was 24% and 29%, respectively, compared to those in the same specimen without concrete fill. Similar to the tests by Tong et al. (2007b) above, the maximum SCF was located at the chord crown location in one of the concrete filled specimens under axial tension while in the other one, the maximum SCF was between the chord crown and chord saddle at 45º on the chord wall. The maximum SCF, in all the three tested specimens under in-plane bending, was located at the brace crown on the compression side of the brace. The SCF at the chord crown of one of the specimens under in-plane bending was about 33% of that in a similar non-filled specimen while in the brace crown there was no difference in the SCF. Maximum SCFs results are listed in Table 2 . Additionally, Chen et al. (2010) made a comparison between the stress distributions from their results and predicted results from some well-known design methods in API (1993) , DNV Manual (RP-C203, 2005) and LR Guide Fisher, 1990, 1991) for non-filled tubular T-joints. They found that the design formulas give quite conservative results and should not be employed in investigating SCFs for concrete-filled joints. Wang et al. (2013) conducted static tests on ten concrete filled chord steel tubular T-joints and one empty T-joint under axial loading in the brace. The concrete filled test specimens were exactly the same ten specimens tested in Tong et al. (2007a Tong et al. ( , 2007b above (see Table 1 for details). The quadratic extrapolation approach was recommended to determine the hot spot strains at the weld toe in the brace while in the chord, the linear extrapolation was recommended. Source: Mashiri and Zhao (2010) Mashiri and Zhao (2010) investigated SCFs of concrete-filled square tubular T-joints under in-plane bending in the brace. The chord and the brace were made up of square steel hollow sections. Six series of square hollow T-joint with concrete-filled chord were tested. Details of the test specimens are given in Table 3 . The mean compressive strength of the concrete ranged between 25 MPa and 50 MPa. Standards such as CIDECT, Zhao et al. (2001) and IIW (1999) recommend the use of quadratic extrapolation for determination of hot spot stresses rectangular tubular joints. Hence, the quadratic extrapolation was used to extract the hot spot stresses. Strain measurements were taken along lines B, C and D shown in Figure 2 . Similar to non-filled square T-joints, the maximum SCF occurred along line C except for two specimens where it existed along line B. The average SCF for each series is listed in Table 4 . The obtained SCFs were compared with those obtained previously by the same authors for the empty hollow sections and found that concrete-filling of the chord results in a reduction in the maximum SCF. Generally they found that the reduction in SCF because of concrete-filling varies from 15% to 85% with a mean reduction of about 40%. It was proven that the concrete grade had no influence on the SCFs in the joint. Table 3 Details of square CFST T-joint series tested by Mashiri and Zhao (2010) Series name Xu et al. (2015) performed static tests to study the SCF distribution in CFST T-, Y-, K, and KT-joints under axial tension force in the brace. Three concrete-filled chord steel circular T-joints were tested under axial tension in the brace. The specimens' details are given in Table 1 . The concrete compressive strength was 46.9 MPa. The braces were welded to the chords by full penetration weld according to American Welding Society recommendations (AWS, 2010) . The test specimens were fixed supported at the two ends of the chord and axial tension was applied in the brace. Strain measurements were taken around the brace-chord intersection at the crown and saddle locations as well as at 45º intervals on the brace and chord walls (see Figure 3 ). The extrapolation region recommended by CIDECT (Zhao et al., 2001 ) was adopted to determine the linearly extrapolated results. SCF results for all the three CFST T-joints showed that the maximum SCF existed on the chord side at a position between the crown and saddle at 45º angle from the saddle or crown positions. It is worth to mention that SCF results at the saddle position were greater than those at the crown position on both the chord and brace side. Maximum SCF results are tabulated in Table 2 . Additionally, they made a comparison between the stress distributions from test results and predicted results from some well-known design methods in API (1993), DNV Manual (RP-C203, 2005) and LR Guide (Smedley and Fisher, 1990; Smedley and Fisher, 1991) for non-filled tubular T-joints. They found that the design formulas give very conservative results and should not be employed in investigating SCFs for concrete-filled joints. The location of the maximum SCF in the CFST T-joints under axial tension has been found experimentally to be at the chord saddle by Jardine (1993) , and at the chord crown by Wang et al. (2013) , Tong et al. (2007b) and in one of the specimens tested by Chen et al. (2010) . While, it was located between the chord crown and chord saddle in the specimens tested by Xu et al. (2015) and in one of the two specimens tested by Chen et al. (2010) . Moreover, SCF results at the saddle position were greater than those at the crown position on both the chord and brace side in Xu et al. (2015) while SCF distribution trend was opposite to that in the specimens tested by Tong et al. (2007b) , Chen et al. (2010) and Wang et al. (2013) . The discrepancy in the location of the maximum SCF could be because of the following:
• Different support conditions used in the tests, where both chord ends were pin-supported in Tong et al. (2007a Tong et al. ( , 2007b and Wang et al. (2013) while in Chen et al. (2010) one chord end was fixed supported and the other was pinned.
In Xu et al. (2015) , both chord ends were fixed. Different support conditions will result in different bending moment distribution in the chord.
• The non-dimensional geometrical parameter α, which represents the ratio between the length and diameter of the chord, is only 5 in the specimens tested by Jardine (1993) compared to minimum of 14.7 in Tong et al. (2007b) and Wang et al. (2013) short chord length relative to the chord diameter will lead to lower bending in the chord, and could lead to that the major load transfer path from the brace to the chord would be through the saddle location.
• Moreover, the range of the non-dimensional geometrical parameters τ, β and γ in the specimens reported by Xu et al. (2015) are outside the range of specimens reported by Tong et al. (2007b) , Chen et al. (2010) and Wang et al. (2013) which indicates that these parameters could have effect on the location of the maximum SCF.
The location of the maximum SCF in the CFST T-joints under in-plane bending has been found by Jardine (1993) to be at the brace crown (tension side) and by Chen et al. (2010) to be at the brace crown (compression side), while in Tong et al. (2007a) the max SCF located at the chord crown (tension side) in some of the specimens and at the brace crown (tension side) in some others. That could be because of the wider validity range for the specimens tested by Tong et al. (2007a) where ten CFST T-joints were tested.
Fatigue behaviour and life of CFST T-joints
Jardine (1993) in addition to the static tests, carried out fatigue tests on the two repaired CFST T-joints. The two specimens were previously fatigue damaged tubular T-joints. The specimens were repaired and the chord only was filled with concrete. Specimens' details are given in Table 1 . Fatigue tests for the concrete filled specimens were conducted under constant amplitude sinusoidal axial loading on the brace member with a stress ratio (R) equal to -1. Fatigue failure mode in CFST started by multiple crack initiation at the weld toe at the hot spot location which was at the chord saddle location. Additionally, secondary cracks initiated at the weld toe on the brace side. The primary cracks then propagated along weld toe on the chord towards both crown locations.
Compared to the Department of Energy (1990) design S-N curve, for non-filled T-joints, fatigue test results for the concrete filled specimens showed that concrete filling the chord had no impact on the fatigue resistance of the T-joints. The reason was put to the repair performed on the joints since it was uncertain that the repair weld had returned the joints into their undamaged condition. Fatigue life results are given in Table 5 . Wang et al. (2013) in addition to static tests, undertook destructive fatigue tests under cyclic axial force with constant amplitude from tension to tension on the ten CFST T-joints. The cyclic loading format was a sine wave at a frequency of 4 Hz. The maximum and minimum axial forces, stress ratios (R), nominal stress ranges and cycles numbers at different stages for each specimen are listed in Table 6 . Fatigue tests were performed under two different amplitudes of axial force ranges (F r ) for one of the specimen (CFCHS-10). No failure occurred at the axial force range of 60 KN, so it was increased to 80 KN and the test continued until failure. Specimen CFCHS-3, with β = 1, was found to have an anomalous fatigue life. Wang et al. (2013) attributed this anomaly to the difficulty in fabricating specimens with β = 1. Fatigue cracks, in the concrete filled T-joints, initiated in the chord wall at or near the hot spot location which was located at the chord crown. Figure 4 shows different crack growth patterns in three specimens. Except in one specimen, all specimens fractured from one side of the joint. Wang et al. (2013) put the cause to the eccentricities caused by manufacture and loading. Using current design codes, fatigue life for non-filled T-joints with the same geometrical dimensions was calculated and compared to the experimental fatigue life results for the concrete-filled specimens. It was shown that the fatigue behaviour of concrete filled T-joints was better than non-filled T-joints when subjected to same axial force range or nominal stress range in the brace. Wang et al. (2013) found that the hot spot stress range fatigue design curve for non-filled T-joints provided in CIDECT guidelines (Zhao et al., 2001 ) is not suitable for fatigue life estimate of the CFST T-joints because it may predict unsafe fatigue life. Mashiri and Zhao (2010) carried out fatigue tests on six groups of joints which comprised in total, 17 concrete filled chord square tubular T-joints subjected to constant stress amplitude cyclic in-plane bending load in the brace and compared to those for empty square hollow section T-joints from previous research. Failure mode of the majority of the specimens was through crack initiation and propagation at the weld toes on the tension side of the chord. Some specimens failed due to crack initiation and propagation at weld toes in both the chord and the brace on the side under tension. Fatigue data and failure modes are given in Table 7 . It was shown that the hot spot stress method fatigue design curve for empty square hollow section T-joints can be used for the fatigue design of welded concrete filled steel square tubular T-joints.
Experiments done by Jardine (1993) and Mashiri and Zhao (2010) indicate that fatigue life of concrete filled chord T-joints is not improved by the existence of the concrete in the chord, although SCFs were effectively reduced. Jardine (1993) puts the reason to the residual stresses induced by the repair weld used in repairing the previously fatigue damaged specimens or that the weld may not have returned the joint to its original condition before the damage. Shen and Choo (2012) in their extensive finite element investigation of the stress intensity factor (SIF) in the CFST T-joints tested by Jardine (1993) , concluded that concrete filling the chord will reduce the SCF yet will not yield better fatigue life. Shen and Choo (2012) indicates that concrete filling the chord will reduce bending stresses through the chord wall thickness which means larger proportion of membrane stresses which in turn will lead to larger SIF and larger fatigue crack driving force and hence lower fatigue life. This observation requires further studies for verification. On the other hand, experiments done by Wang et al. (2013) revealed that concrete filled chord T-joints have better fatigue strength than the non-filled T-joints. In (Jardine, 1993) specimens multiple fatigue cracks initiated at the chord weld toe at saddle location, which was the location of the maximum SCF in the static tests, while fatigue crack initiated at or near chord crown weld toe in the specimens tested by Wang et al. (2013) which was, in fact, the location of the maximum SCF in the static tests reported by Wang et al. (2013) . This indicates that the location of the maximum SCF is the location of the fatigue crack initiation. Fatigue life between the first visible crack (N2) and end of test (N4) has been found to be quite long in Jardine's tests, yet it was shown by Wang et al. (2013) that it was relatively short. Wang et al. (2013) put that to the high stress range applied in the tests. 
Crown heel
Crown toe 3 CFST Y-joints Xu et al. (2015) performed static tests on steel circular hollow Y-joints with the chord filled with concrete along its full length. Three CFST Y-joints were subjected to static tests to investigate the distribution of SCFs around the chord-brace intersection. The specimens' details are given in Table 8 . The concrete compressive strength was 46.9 MPa. The braces were welded to the chords according to American Welding Society recommendations (AWS, 2010) . The test specimens were fixed supported at the two ends of the chord and axial tension was applied in the brace. Strain measurements were taken around the brace-chord intersection at the crown and saddle locations as well as at 45º intervals on both side of the chord-brace intersection. Loading condition and strain gauge locations are shown in Figure 5 . Experimental results showed that maximum SFCs existed at the crown toe on the chord side of the intersection for two CFST Y-joints while in the third one it existed on the chord at 45º between crown heel and chord saddle positions. SCFs are tabulated in Table 9 . A comparison between the stress distributions from their test results and some predicted results from some well-known design methods in API (1993), DNV Manual (RP-C203, 2005) and LR Guide Fisher, 1990, 1991) for non-filled tubular T-joints was performed. It was found that the design formulas give quite conservative results and should not be employed in investigating SCFs for concrete-filled joints. 
CFST K-joints
Static strength and SCFs in CFST K-joints
Udomworarat et al. (2000) conducted static tests on tubular K-joints with concrete filled chords. The K-joints were half scale specimens of the actual K-joints in a bridge truss. Static tests were conducted on two specimens with the same geometrical dimensions, one was non-filled and the other had a concrete filled chord. The average ultimate compressive strength on the concrete infill was 30.1 MPa at 14 days age. The braces were equally inclined from the brace (θ = 60º). The gap (g) between the two braces was 60 mm. The geometrical parameters for all the K-joint specimens are listed in Table 10 . Both braces were pin supported. Axial force was applied to one end of the chord while the other end was free, see Figure 6 . Static tests were conducted until failure of the two specimens. It was observed that the ultimate load (static failure load) in the concrete filled specimen was twice as much as the failure load in the non-filled specimen. Strain gauges were installed at 4 mm from the weld toe. The maximum stress concentration in the non-filled specimen was located on the chord at the gap between the braces near the tension brace. Concrete filling reduced the maximum stress concentration near the tension brace by 30%-40%, however it had very little effect on the stress near the compression brace which made the maximum stress concentration to be on the chord near the compression brace. Udomworarat et al. (2002) carried out experimental study on fatigue performance of concrete-filled steel tubular K-joints used for a high speed train bridge. They examined four types of steel tubular K-joint with the same dimensions, namely, an empty joint made up of hollow sections without any infill (Type 1), the chord only was filled with concrete joint (Type 2), all joint members were filled with concrete (Type 3), and Type 4 was identical to Type 3 except that an additional stiffening plate is welded to the inside of the chord (see Figure 7) . Two concrete types were used in filling the joints, namely, an ordinary concrete with compressive strength of 26.3 MPa at 28 days, and a super-light weight concrete with 29.4 MPa compressive strength at 28 days and 12.7 kN/m 3 of unit weight. The joints were considered simply supported and loaded with axial load at the chord where the diagonal members (braces) were pin-connected. The joints were about 1/3-scale of the actual bridge joints size. The gap (g) between the two braces was 40 mm. All specimens had a chord diameter of 318.5 mm and brace diameter of 216.3 mm (same as the specimens in Udomworarat et al. (2000) . The braces were equally inclined from the brace (θ = 60º). In the static tests, stresses around the intersection were investigated by strain measurement. Concrete effectively reduced high stresses at the chord toe near tension brace yet it had very limited effect in reducing stresses near the compression brace. In one of the concrete filled chord specimens (Type 2), the peak stress compared to Type 1 specimens, was reduced by 40% at crown toe in the tension brace. However, no noticeable difference was observed near the compression brace. As a result the location of the maximum stress shifted from chord crown toe near the tension brace (in non-filled K-joints) to chord crown toe near the compression brace. Stresses near the tension brace, in one of the Type 3 specimens, were reduced by 43% and by 45% near the compression brace. The performance of Type 4 specimens (all joint members with infill and chord with internal stiffener) was the best where the stresses were reduced by 65% near the tension brace and by 60% near the compression brace. Hot spot stresses were estimated by linear extrapolation of stresses located 4 mm and 10 mm from the weld toe. The fatigue performance of the joints based on hot spot stress method was plotted against (JSSC, 1995) design curves. It was found that fatigue life assessment of concrete filled tubular joints using (JSSC, 1995) design S-N curves was possible. Table 10 Specimen details of CFST K-joint Experimental study on CFST K-joints of a truss bridge was conducted by Sakai et al. (2004) . Six types of specimens were involved in the static tests, namely, a non-filled steel hollow section joint (Type 1), a concrete-filled in the chord only joint (Type 2), a concrete-filled in all members joint (Type 3), a concrete-filled in all members and reinforced by dowels in the chord and the braces (Type 4), a concrete-filled in all members and reinforced by dowels in the chord only (Type 5) and finally, a concrete-filled in all members and reinforced by a gusset plate between the two braces joint (Type 6) (see Figure 8) . Specimens dimensions and parameters were identical to those in Udomworarat et al. (2000) (see Table 10 ). The gap between the two braces was 60 mm and the braces were inclined by 60º to the horizontal plane. The concrete fill was an ordinary concrete with 31 MPa of ultimate compressive strength. The boundary conditions were same as those shown in Figure 6 . In the static ultimate strength test, it was found that Type 2 joint had failure load about twice as much as Type 1 joint. The maximum stresses existed at the crown toe on the chord wall between the two braces in Types 1, 2 and 3. It is worth mentioning that concrete filling of the braces in Type 3 joints did not have any remarkable effect on the peak stress in the joint. The ultimate static strength of the specimens was in the order, Type 1, Type 2, Type 3, Type 5, Type 6 and Type 4. Tong et al. (2008) performed experimental study on hot spot stresses in concrete filled chord and non-filled steel circular hollow section K-joints. Seven specimens of CHS K-joints were subjected to static tests then the same specimens were tested again with concrete-filled chord in order to understand the effect of concrete filling on the hot spot stresses. The range of non-dimensional geometric parameters and specimens dimensions are given in Table 10 . One brace was pin supported while the other end of the other brace was made to be arc bearing which was kept in touch with a bracket so can be considered as a roller support (Figure 9 ). Axial force was applied to one end of the chord while the far end was free which made the close and far braces to be subjected to tension and compression respectively. Strain gauges were put at four hot spot locations around chord-brace intersection, namely crown toe, crown heel and two saddles. It was found that the non-linear stress gradient was not dominant in both, concrete-filled and empty K-joints. Hence, the linear extrapolation recommended by CIDECT (Zhao et al., 2001) was recommended for CFCHS K-joints. It was found that both concrete-filled and empty K-joints had similar trend in varying hot spot stresses around the chord-brace intersection. The maximum hot spot stress in the chord side of the intersection was located at the crown toe while on the brace side of the intersection it was at the crown toe or at the saddle. The maximum hot spot stress over the whole joint was found to be at the crown toe on the chord wall within the compression area near the compressed brace. It was found that the hot spot stress around the compressed brace was generally higher than that around the brace under tensile force. The average in the ratio of the maximum hot spot stress at the concrete filled K-joints to that at the non-filled K-joints for the chord and brace at both the compression and tension areas, ranged from 0.64 to 0.84 for the chord and from 0.73 to 0.77 for the brace. Xu et al. (2015) experimentally investigated the SCFs in CFST K-joints. Three K-joints with concrete filled chord, made of steel circular hollow tubes were subjected to static tests. The braces were inclined at 45º to the chord. The gap between the two braces was 12 mm. Details of the joints' geometry are given in Table 10 . The loading format was different from that in Udomworarat et al. (2000) , Udomworarat et al. (2002) , Sakai et al. (2004) and Tong et al. (2008) . The chord was inclined at 45º to the horizon with both ends fixed and one of the braces was subjected to axial tension load while the other brace was fixed to the support frame. Strain gauges were put at 45º intervals around the chord-brace intersection on both sides except one chord crown toe location where strain measurements could not be taken due to difficulty in gluing strain gauges in the 12 mm gap. Arrangement of strain gauges and loading format is shown in Figure 10 . The maximum SCF existed on the chord side of the intersection at 45º between crown toe and saddle point around the loaded brace. SCFs are tabulated in Table 11 . They made a comparison between the stress distributions from their results and predicted results from some well-known design methods in API (1993), DNV Manual (RP-C203, 2005) and LR Guide Fisher, 1990, 1991) for non-filled tubular T-joints. They found that the design formulas give quite conservative results. The maximum SCF in the concrete-filled chord K-joints was located at the crown toe on the chord side near compression brace in the specimens tested by Udomworarat et al. (2000 Udomworarat et al. ( , 2002 , Sakai et al. (2004) and Tong et al. (2008) , Whereas it was different in the specimens tested by Xu et al. (2015) . The reason could be due to different loading and boundary conditions and different brace inclination angle (θ) in the specimens tested by (Xu et al., 2015) .
Fatigue behaviour and life of CFST K-joints
In addition to the static tests, Udomworarat et al. (2000) conducted fatigue tests on four K-joint specimens, two non-filled and two concrete-filled chord specimens. The applied fatigue load was constant amplitude 16 and 19 tons loads with frequency of 3 Hz. During the destructive fatigue tests, at 950,000 cycles in one of the concrete filled K-joints, a sudden 29.8 mm crack was observed on the chord near the compression brace between the braces. Fatigue life between the crack initiation and total failure in the concrete filled specimens was found to be quite long compared to the non-filled specimens. The number of cycles and the applied load range are shown in Table 12 . Fatigue strength in terms of hot spot stress and number of cycles to failure of the specimens were plotted along with the Department of Energy (1990) design curve. Generally, it was found that concrete filling the chord had increased fatigue life of the joints. Udomworarat et al. (2002) , as well as the static tests, performed fatigue tests on 10 specimens of the four types of K-joints under constant cyclic loading applied axially to the chord. In almost all the specimens fatigue failure cracks initiated at the crown toe on the chord near the tension brace. The fatigue lives of the concrete filled specimens were considerably greater than the fatigue life in the non-filled specimens. In one of K-joints with concrete-filled chord (Type 2), fatigue crack initiated at the chord crown toe near the compression brace (Udomworarat et al., 2002) put the reason to the existence of residual stresses at the weld or an initial imperfection in the test specimen. In the other Type 2 specimen (with concrete-filled chord), fatigue cracks initiated on the chord between crown toe and saddle of the tension brace and also at the heel of compression brace (see Figure 11 ). Nominal stress ranges and fatigue life of the specimens are given in Table 13 . Sakai et al. (2004) performed fatigue tests on three types of specimens, namely, Type A-1 joints which had the chord only filled with concrete and the two braces were lapped so the centreline of the chord and the braces met at the same point and no gap between the two braces existed, Type A-2 joint was similar to Type 3 joint in the static tests above with stiffener plates between the braces and between each brace and the chord as well (Figure 12 ), Type A-3 was same as Type 6 in the static tests above. The reported fatigue results are listed in Table 14 . Specimen A-1 had the lowest fatigue strength while specimen A-3 had the highest fatigue strength.
The location of fatigue crack initiation in CFST K-joints varied from chord crown toe near the compressed brace to the chord saddle and to chord crown toe near the tension brace. Hence, a lot of work is needed to understand the nature of stress distribution between the two braces. Fatigue specimens tested by Sakai et al. (2004) had different geometry and stiffness from the others. Therefore comparison could not be validated. Xu et al. (2015) carried out static tests on CFST KT-joints. A concrete filled chord KT-joint was tested twice in order to investigate SCFs in CFST KT-joints. The specimen is labeled as KT-300-4 and KT-300-4R in Table 8 , where letter 'R' refers to a repeated test. Test specimens were subjected to axial tension force in one brace while all the other braces were fixed end to the reaction frame as shown in Figure 13 . Strain gauges were arranged at 90º intervals as shown in Figure 14 . Results indicated that the maximum SCF existed on the chord wall at the saddle location of the chord-middle brace intersection area while in the repeated test (specimen KT-300-4R) it existed at the chord saddle location in the intersection area between the chord and the loaded brace. SCFs for the loaded brace-chord area are tabulated in Table 15 . They made a comparison between the stress distributions from their results and predicted results from some well-known design methods in API (1993) , DNV Manual (RP-C203, 2005) and LR Guide Fisher, 1990, 1991) for non-filled tubular T-joints. They found that the design formulas give quite conservative results and should not be employed in investigating SCFs for concrete-filled joints. 6 CFST X-joints Qian et al. (2014) examined fatigue performance of concrete filled chord steel tubular X-joints. Five full scale specimens were involved in the tests, three non-filled and two concrete filled chord X-joints. The non-dimensional geometric parameters and specimens details are listed in Table 16 . One end of the brace was pin-supported and the other end was roller support. The concrete had ultra-high compressive strength of 185 MPa at 28 days. Axial force was applied to the top end of the chord, as shown in Figure 15 , which generates combined axial and in-plane bending moment in the X-joint. Each specimen was subjected to two constant-amplitude cyclic load. The first cyclic test stopped when the maximum measured crack size near the bottom of the brace-to-chord intersection reached about 80% of the wall thickness of the brace or chord member. The second cyclic test commenced after the specimen was rotated 180º about a horizontal axis going through centre of the braces so the fatigue crack generated in the first cyclic test was relocated to the top of the intersection and becoming under compression. The load ratio (R = P min / P max ) remained fixed at 0.1 during all fatigue tests. The fatigue crack propagation life in the concrete filled specimens (between crack initiation and 80% of wall thickness) was relatively long (between 76%-93% of the total fatigue life). It was found that concrete filling of the chord had marginal effect in decreasing the SCFs in the joint. Fatigue life and the applied load range are given in Table 17 . After conducting destructive fatigue tests, it was found that design S -N curves, the notch stress-based FAT 225 S-N curve in IIW (1999), the hot-spot stress-based S-N curve in API (1993) , and the nominal stress-based S-N curve for tubular joints in AWS (2010) for non-filled tubular joints gives reliable fatigue life estimation for the concrete-filled chord X-joints. Kim et al. (2014) conducted static tests on N-joints ( Figure 16 ) made of CFST chord welded to empty steel tubular braces. A full scale bridge truss with 20 m span made of concrete filled chord N-joint was tested in order to calculate the SCFs in the joints. The diameter of the chord members was 216.3 mm and the thickness was 8 mm. The brace members had a diameter of 165.2 mm and a thickness of 7 mm. The non-dimensional parameters, τ, β and γ, were 0.875, 0.764, and 13.52, respectively. The chord members had concrete with compressive strength of 35 MPa. Additionally, a parametric study was carried out in order to derive parametric equations for SCFs in chord concrete filled steel circular hollow section N-joints subjected to axial loading. Hot spot stresses in N-joints were estimated using the finite element software ABAQUS. The four node linear tetrahedron element was used in the simulation. It was proven that the effect of concrete grade on SCFs was very little. The effect of concrete-fill on SCFs was remarkable particularly on the vertical brace. The parametric study on the SCF covered 145 models with the following validity range:
CFST KT-joints
It was found that the parameter τ had the greatest effect on SCFs. A parametric equation was derived for the maximum SCF in the joint. The calculated SCFs using the derived SCF equation were less than the measured one. The maximum difference was 27.7%.
Table 17
Fatigue crack initiation and propagation life in the X-joints tested by Qian et al. (2014) Notes: X = specimen with burr grinding at the weld toe; G = Concrete filled chord specimen P = specimen with diaphragm plates welded to the inner surface of the chord F = Denotes the flipped configuration of the specimen N t = Total fatigue life, ρ is shown in Figure 10 Ni = number of load cycles before the maximum crack depth reaches 0.5 mm 
Design S-N curves
Among different methods used to predict fatigue life of tubular members, two methods involve the use of design S-N curves, namely the hot spot stress method and the classification method. The classification method uses nominal stress along with stress range-number of cycles (S-N) curves, to put tubular construction into detail categories for fatigue design. In the hot spot stress method, the hot spot stress, which is the maximum stress occurring in the joint, is used along with design S-N curves in fatigue life estimate. In this section, nominal stress range and hot spot stress range S-N curves have been proposed based on the fatigue data obtained from previous research as outlined in the previous sections.
Nominal stress range design curve for CFST T-joints
Fatigue data obtained in the research done by Jardine (1993) and Wang et al. (2013) have been used in developing S-N design curve for circular CFST T-joints based on the nominal stress range in the brace (classification method). The S-N design curve is shown in Figure 17 . The least squares method has been used in developing the S-N design curve for circular CFST T-joints according to ASTM (2010) specifications, where the number of cycles (N) is the dependent variable and the stress (S) is the independent variable. The slope of the proposed S-N curve is taken as 3 in the analysis that is similar to the design S-N curves in AS4100-1998.
Figure 17
Nominal stress range design curves for CFST T-joints
Figure 18
Nominal stress range design curve for CFST K-joints Additionally, a fatigue design curve for square CFST T-joints under in-plane bending in the brace is shown in Figure 17 . The fatigue design curve for square CFST T-joint in Figure 17 is the design curve proposed in the original paper by Mashiri and Zhao (2010) . For comparison design S-N curve for empty square T-joints under in-plane bending proposed in Mashiri et al. (2002) , has been presented. It is obvious that the concrete filled T-joints have better fatigue life.
Nominal stress range design curve for CFST K-joints
Fatigue data for CFST K-joints obtained by Udomworarat et al. (2002 Udomworarat et al. ( , 2000 along with a nominal stress range S-N design curve for empty tubular joints which is the detail category 45 for empty tubular joints in lattice girders from CIDECT (Zhao et al., 2001) are shown in Figure 18 . It is obvious that the proposed design curve in Figure 18 would give reliable fatigue design for concrete filled K-joints.
Nominal stress range design curve for CFST X-joints
Fatigue data for CFST X-joints from Qian et al. (2014) are shown in Figure 19 . Due to lack of data, a design S-N curve could not be developed. For comparison, fatigue test results for CFST X-joints along with a design S-N curve according to AS4100-1998, which is the detail category 36, are shown in Figure 19 . 
Hot-spot stress design S-N curves
In the Hot Spot stress method, the maximum hot spot stress in the joint is related to the number of cycles to failure. Hence, for the same wall thickness, one curve can be fitted for different joint geometry. Fatigue data for 8 mm wall thickness from test data by Wang et al. (2013) have been used in developing a hot spot design S-N curve for 8 mm wall thickness using the least squares method according to ASTM (2010) specifications, where the number of cycles (N) is the independent variable and the stress (S) is the dependent variable. Additionally, a hot spot fatigue design S-N curve for 8mm wall thickness in empty tubular joints according to CIDECT (Zhao et al., 2001 ) and API (1993) has been added for comparison. The hot spot design S-N curves for 8 mm wall thickness are shown in Figure 20 . The design curve from CIDECT is not suitable since it comes above the test data while the design curve from API can be used in the fatigue design of concrete filled tubular joints.
In Figure 21 , fatigue data for 3 mm wall thickness square CFST T-joints under in-plane bending from Mashiri and Zhao (2010) are shown along with a hot spot S-N design for 3 mm wall thickness for empty square T-joints. The proposed S-N design curve in Figure 21 is actually the hot spot S-N curve for 3 mm empty tubular square T-joints under in-plane bending developed by Mashiri et al. (2002) . 
Hot-Spot stress design S-N curve for CFST joints
Based on experimental fatigue life in CFST T-joints, Wang et al. (2013) showed that the hot spot stress range-based S-N design curves given in API (1993) and DNV Manual (RP-C203, 2005) were very close to the experimental fatigue life points of CFST T-joints. Hence, API (1993) and DNV S-N curves can predict reasonable fatigue life in CFST T-joints. In Musa et al. (2016) , experimental fatigue lives of the CFST T-joint specimens reported by Wang et al. (2013) were compared with the fatigue life predicted by the Department of Energy (1990) T-curve. Out of nine CFST T-joint specimens, seven predicted fatigue lives were highly conservative. The other two were closely compatible and on the safe side. Hence the T-curve can be used as a design S-N curve for the CFST T-joints based on the hot spot stress range. The Department of Energy (1990) T-curve (shown in Figure 22 ) is a basic S-N curve which can be used to predict fatigue life in tubular joints for any thickness based on the hot spot stress range in the joint. The T-curve relates to a reference thickness of 32mm. The correction on the hot spot stress range is of the form: where, S rhs.t is the hot spot stress range of the joint under consideration, S rhs.Ref is the hot spot stress range of the joint using the T-curve, which relates to a thickness of 32 mm and t is the actual thickness of the member under consideration. A value of t = 22 mm should be used when the actual thickness is less than 22 mm (Department of Energy, 1990; Mashiri, 2001 ). The DNV S-N curve is exactly the same curve given in the Department of Energy (1990) with the same reference thickness except that a value of t = 32 mm should be used when the actual thickness is less than the reference thickness which is 32 mm. The API ( The hot spot stress reference design S-N curves along with the equations from the (Department of Energy, 1990) , DNV Manual (RP-C203, 2005) and API (1993) are given in Figures 22 and 23 , respectively.
Conclusions
Static and fatigue tests conducted on CFST T-, Y-, K-, KT, N-, and X-joints have been reviewed. The following remarks have been observed:
• In general, the effect of concrete infill is significant in reducing SCFs at the hot spot locations in CFST joints, yet it has no or little effect in improving fatigue life of CFST joints.
• Hot spot fatigue design S-N curves for empty tubular joints reported by Department of Energy (1990) , API (1993) and DNV Manual (RP-C203, 2005) can be employed in fatigue design of CFST joints.
• Hot spot fatigue design S-N curve for empty tubular joints reported by CIDECT (Zhao et al., 2001 ) is not suitable for fatigue design of CFST joints.
• The location of the maximum SCF in the CFST T-joints under axial tension varies between chord crown and chord saddle depending on the variation of key geometrical parameters of the joint.
• The location of the maximum SCF in the CFST T-joints under in-plane bending varies between brace crown and chord crown positions.
• The location of the maximum SCF in CFST K-joints under axial loading on the chord is located at crown toe on the chord side near compression brace.
• In CFST T-joints subjected to axial tension in the brace, fatigue cracks initiated at the location of hot spot stresses while in CFST K-joints subjected to axial load on the chord, fatigue crack initiated at different locations around brace-chord intersection.
• Fatigue life of CFST K-joints and CFST X-joints between the initial crack and total failure has been found by Udomworarat et al., 2000 Udomworarat et al., , 2002 and Qian et al. (2014) respectively, to be quite long. While in CFST T-joints, it was found by Wang et al. (2013) and Mashiri and Zhao (2010) to be quite short. This can be attributed to the applied stress range. Hence, the applied stress range plays a major role in fatigue life estimation.
Limitation of research area and future work
Unlike empty tubular joints, research on CFST joints is still in its early stages. Based on the current review, the following lack of research and future work on CFST joints can be highlighted:
• The research conducted so far on fatigue strength of concrete filled tubular joints is insufficient. Further research is required to build a solid and comprehensive understanding of the behaviour of CFST joints under cyclic loading and to have sufficient results for producing reliable guidelines for fatigue design.
• Parametric equation for estimating SCFs in CFST T-and K-joints have not been reported in literature. Hence, a comprehensive study is required for deriving SCFs equations in CFST joints.
• Extensive research is necessary to understand the effect of geometrical parameters on the location of the maximum SCF in CFST T-and K-joints.
• Fatigue research based on SIF in CFST T-joints is necessary to give answers to the questions raised by (Shen and Choo, 2012) about increasing SIF with decreasing SCF in CFST T-joints.
• Fatigue research on concrete filled tubular joints under variable amplitude is also required to understand the difference between behaviours under constant and variable amplitude loading.
